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Abstract

Airflov measurement techniques are necessary to determine the most basic of indoor ar
quaity questions. “Is there enough fresh ar to provide a hedthy environment for the
occupants of the building?” This paper outlines arflow measurement techniques, but it
does not make recommendations for techniques that should be used. The arflows that
will be discussed are those within a room or zone, those between rooms or zones, such as
through doorways (open or closed) or passve vents, those between the building and
outdoors, and those through mechanicd ar didribution sysems. Techniques that ae
highlighted include particle stresk velocimetry, hot wire anemometry, fan pressurization
(measuring flow a a given pressure), tracer gas, acoudsic methods for lesk sSze
determination, the Deta Q test to determine duct leskage flows, and flow hood
measurements. Because tracer gas techniques are widely used to messure arflow, this
topic is broken down into sections as follows decay, pulse injection, constant injection,
constant  concentration, passve sampling, and sngle and multiple gas measurements for
multiple zones. Sdlected papers are annotated, and a bibliography is included for each
topic with full abgtracts.

This work was supported by the Assgtant Secretary for Energy Efficdency and
Renewable Energy, Building Technologies Program, U.S. Depatment of Energy under
Contract No. DE-AC03-76SF00098.
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1.0 Introduction

Ventilation rates and air movements in buildings need to be quantified and documented
to answer the most basic indoor air qudity (IAQ) question: “Is the proper amount of
outdoor ar reaching the occupants of the building to maintain acceptable indoor ar
qudity?’ Thisissueisof increasing concern as buildings become tighter and we rdly
more on mechanica ventilation systems to maintain acceptable indoor air qudity.
Another reason to quantify and document building airflows is that too much ventilation
condtitutes a needless heating and cooling energy load and insufficient distribution
system flows can reduce equipment capacity and efficiency. For example, it is estimated
that one eighth of al energy used in Organization for Economic Cooperation and
Development (OECD) countriesis consumed in resdentid and service sector buildings,
to meet the ventilation and air infiltration load (Orme, 1997).

The threat of globa warming, and the developing world's dependence on fossil fuel make
energy conservation opportunities increasingly important. To take the best advantage of
these opportunities, we must be able to make accurate measurements of airflows within a
room or zone, those between rooms or zones, those between the building and outdoors,
and those through mechanicd air distribution systems. Many techniques have been
developed to measure these different types of arflow in buildings. This pagper has divided
these techniques into five categories generdly organized asfollows: air velocity,

envelope ar legkage, tracer gas (sngle zone and multiple zone) and air distribution
System measurements.

Mogt of the papersin thisreport are listed in the A1V C database, and the AlVC database
number is used to reference each paper. The papers that are not in the A1V C database are
listed without a number. The full abstract is listed with each reference when available,

The reference section is organized by topic contained in the text, and pepers arelisted in
order of the AlV C database number. This corresponds roughly to the chronological order
by date of publishing. Papers without an AIV C database number were inserted by date of
publishing. Papers were chosen to be included in the annotation section by relevance, and
a0 by availability. Papersthat are relevant to more than one section were included in the
section of most relevance. Those that are equaly relevant to more than one section were
repeated.

2.0 Air Velocity Measurements

The most basic airflow measurement is the velocity and direction of the air flowing past a
given point in space a a given time. Although it sounds smple, this has not been an easy
thing to measure, particularly for smal flows, because ameasuring device placed in the
argtream changes the airflow dightly. This effect is magnified when multiple points are
measured close to each other. This leads to the second difficulty, which has been
measuring enough points to define the airflow patterns within aroom. Traditiona
techniques such as therma anemometers have difficulties measuring low ar velocities,
and the direction of airflow. Laser Doppler velocimetry (LDV) accurately measures low
veocity and direction, but it is expendve and difficult to set up on afull 9ze room. Also,



it can only measure one point at atime, which causes problems when there are trangent
flows or turbulence.

2.1 Particle Streak-Velocimetry

Particle streek velocimetry is areatively new technique to measure airflow patternsin
buildings. It isdill in the developmenta stages, but it has the potentid to be more useful
than traditional techniques since it is able to measure low velocities between 0 and 0.4
nVs, and give the direction of flow. Zhao et d. (#12688, 1999) describe the history of this
measurement technique in their literature review section, and aso describe their
measurement technique in a climate- controlled laboratory facility. Their application of

this technique uses halogen lamps to create a light sheet that is 65mm thick, and seed the
room with neutraly buoyant helium filled bubbles. They then use a photographic camera
to capture images, which are subsequently scanned and processed by a computer. The
shutter speed of the cameraiis adjusted so that the particles create streaks on the film as
they move through the light sheet. Thisinformation done isinsufficient to determine the
direction of the velocity vector and needs to be supplemented by transversely moving the
film aknown amount during the expasure. With this movement, a known gationary
particle can then be used to calibrate the movement of the other particles. The overal
error of thismethod is estimated at about 15%, due mostly to the mechanica shutter
speed of the camera, which can have an uncertainty of up to 10% from the setting value.
If the shutter were eectronicaly controlled, the error is estimated to be about 5% since
the exposure time is exactly the same as the setting vaue.

2.2 Hot Wire Anemometer

Hot wire anemometry has been widely used to measure air velocities in buildings. Muller
and Vogd (#7960, 1994) describe the advantages and disadvantages of this technique.
The advantages are that the equipment is much lower priced than laser-optica equipment,
it provides high resolution in time and space, and is able to measure velocity, and
turbulence intengity in time and space. On the other hand, its disadvantages are that the
probes disturb the flow field unless they are very smal, they have a cut off frequency of
about 10 kHz, and they have a spatid resolution limitation due to the wire dimenson.
The last two disadvantages are generdly not a problem in airflow measurements. These
probes become even more useful with the addition of anandog to digital converter and
computer control, which alow fluctuations in time to be recorded from one sensor and
smultaneous readings to be taken from multiple sensors.

Karimipanah and Sandberg (#9854, 1994) performed both experimental and numerical
andyss of the flow fidd in aroom to determineif ventilation of the room would cause
discomfort to the occupants. (They accepted as a premise that velocities higher than 0.15
m/s are uncomfortable to occupants.) The authors used a hot wire probe to measure
veocities for ten minutes consecutively a each measurement location, dlowing them to
compute average velocity and turbulent fluctuation in afull scale test room. They date
that their measured turbulence intensities varied from 15% to 85%, however, this does
not represent the actud turbulence intensity because hot wires are not able to measure
large fluctuations at low velocities. In a previous study, the authors found thet the
maximum measurable turbulent intengity is about 20%. The authors conclude that the



high turbulent intengity is an artifact of the low mean velodities, indicating thet a better
measuring technique is needed.

3.0 Envelope Air Leakage

Another arflow measurement of interest is how much air flows across a given boundary
or envelope such as a building shdl. The boundary could dso be a portion of a building
such asaroom or acollection of rooms called a zone. During normal building operation
wind and stack effects create pressure differences across the building envelope which
cause arr to flow through the cracks and holes in the building congtruction. Tracer ges
techniques have been devel oped to measure these flows. Astracer gas detection
equipment is expensive. other techniques have been developed to measure airflow across
a boundary such as fan pressurization, AC pressurization, infrasonic impedance, acoustic
techniques, and quantified thermography. Fan pressurization is the most widely used
technique, thus papers have been sdected describing this technique.

3.1 Whole Building Techniques

Fan pressurization is the primary method used to measure envelope leakage. The fan
pressurization method involves setting up alarge fan in an opening (usudly adoor) in the
building shell. A pressure (usudly between 20 Paand 70 Pa) is maintained across the
building shell, and the flow through the fan is measured. Sometimes asingle point test is
performed, generaly at 50 Pa, or amultiple point test is performed over arange of
induced pressures. If amultiple point test is performed, a curve of the form Q = C(DP)"
can befit where Q isthe flow through the fan and DP is the pressure difference across the
building shell. The parameters C and n are characteridtic of the particular building being
measured and are determined from the curve fit.

Often the leakage between various buildings is compared usng CFMs, the leakage
through the building shell a 50 Pascds. The information that would be more interesting

is the flow across the building shell due to the actud pressure across the shell. Thisflow

is constantly changing since the pressure across the shell varies with wind and westher
conditions. To take thisinto account, a parameter called Effective Leskage Area (ELA)
was developed, which isthe area of an orifice that provides the same flow as the building
shell when subjected to a given pressure differentia. The pressure differentia thet is
commonly used inthe U.S. is4 Pabecause it is on the order of the pressure that buildings
experience due to wind and weather conditions.

ASTM method E779 (#2889, 1995) outlines how to determine building envelope ELA
using fan pressurization. Although fan pressurization does not give a measurement of
actud ventilation during norma building operation, it isauseful test in order to compare
the leakage area of two different buildings, to asss in identifying leakage sources, and to
determine the leakage reduction from an individua retrofit. This standard discusses the
equipment, procedures and data analysis.

Sherman and Palmiter (#10107, 1993) discuss the uncertainties associated with fan
pressuri zation testing and with determining the Effective Leskage Area referenced to an
envelope pressure differentia of 4 Pafrom fan pressurization data. The cases of a one-



point test, atwo-point test, and a multi- point test are discussed. Their discussion includes
an andysis of precison errors, bias errors, and modeling errors. They conclude that the
multi-point test can be improved by taking more data at each pressure differentid,
limiting the wind effects, and carefully choosing which envelope pressure differentids

are used for the measurements.

3.2 Techniques for Multizone and Large Buildings

Bahnfleth et d. (#12566, 1999) discuss two methods used to determine leskage areain
large buildings: the floor-by-floor blower door method and the air-handler pressurization
method. The floor-by-floor method involves isolating each floor of abuilding in order to
do afan pressurization test on each floor in succession. The adjacent floors are dso
pressurized so that thereisno air leakage between floors. The sum of the leskages
measured on each floor equds the total leakage for the building. They found that the
floor-by-floor method does not work in buildings with large, inaccessble inter-floor
leakage that cannot be sedled (such as eevator shafts and mechanica chases).

The ar handler pressurization method uses the air handlers (with outdoor ar intakes) to
cregte a pressure difference across the building envelope. The building leakage can be
cd culated when the outdoor airflow is measured with tracer gas or orifice flow plates.
The ar handler method could be used in both buildings that were tested. The authors
discuss the non-uniformity of indoor-outdoor pressure difference that is found across the
building shell. There is both vertica and horizonta variation due to wind and stack
effects. In order to minimize these effects, they suggest that testing not be done if the
wind speed is greater than 9 miles per hour, or if the outdoor temperature is gregter than
95°F or lower than 41°F. They aso suggest that, in order to improve the regression
analysis, arange of envelope pressure differentias be used between 12.5 Paand 75 Pa.

3.3 Component Leakage Techniques

In diagnogtic applications, component leskage techniques are used to determine how the
leaks are digtributed throughout the building. The building can be divided into sections by
floor or by awall, and the leskage is measured separately in each section (or component).
Reardon et d. (#2628, 1987) describe a balanced fan approach for measuring component
leskage area. They give a detailed description of the technique used to determine the
leskage area between different floors of detached residentia buildings and across the
party wals of linearly attached row houses. This method is based on usng multiple

blower doors to smultaneously depressurize the test space and adjacent spaces relative to
outdoors, such that there is dways a zero pressure difference between the test space and
the adjacent spaces. This ensures that there is no leskage between the test space and
adjacent spaces. The method aso makes use of Blower Door subtraction to measure
leakage of test areas that cannot be isolated and tested directly. For instance, a house has
two floors. Because of the layout the second floor cannot be tested independently. So a
test is performed on the two floors together, and a second test is performed on the first
floor only. The second test result is subtracted from the first test result to obtain the
leskage of the second floor.



3.4 Leak Detection Methods

Pickering et d. (#2630, 1987) conducted an experiment in a plutonium facility usng
bubbles, smoke, and helium-filled balloons to visudly determine the arflow patterns.
They videotaped the experiment so they could view it later. Small pieces of tape were
added to the baloons in order to make them neutrally buoyant. They found that the
neutrally buoyant balloons were the most effective method, because they were large
enough to be easily seen and could be released without any initid momentum from any
point in the room. Releasing the balloons at different points alowed them to determine
the airflow patterns throughout the space. The problems with bubbles were that they were
too smal and too numerous to be easily seen. Also, they were rdeased with initid
momentum, which affected ther trgectory. Smoke had asmilar initid momentum
problem, as well as being irritating to the lungs of the users and clogging the exhaust
filters

Oldham et d. (#5324, 1991) conducted experiments to seeif an acoudtic technique would
work for determining the size of cracksin buildings. Their experiments were done
exclusvely in the laboratory usng awal made of sted beams. They found thet the
technique would work under these conditions, but they did not test the technique in the
field or with a conventiond wall segment. Judging by the literature after this sudy was
performed, this type of technique does not seem to be pursued in thefield of building
science, however it has been extensively used in automotive gpplications.

4.0 Air Exchange and Ventilation Effectiveness
Measurements for Simple Systems:
Single-Zone Tracer Gas Measurements

Tracer gas methods are used to determine the air movement across a boundary during
norma operating conditions. The boundary could be the building shell, azone within the
building, or aroom. Single-zone measurements determine the air exchange across the
boundary regardless of whether the air on the outside of the boundary is outdoor air, or
ar in another part of the building. Ventilation effectiveness implies exchange between
the room air and outdoor air. Certain tracer gas tests can be used to determine both
tempora and spatia ventilation effectiveness, dthough some, such asthe decay test, can
only be used to determine spatia ventilation effectiveness due to the time averaging
nature of the test.

ASTM standard E741 (2000) outlines tracer-gas test methods based on decay, constant
injection, and constant-concentration measurements. It aso describes the tracer gases that
can be used, dong with their toxicology, chemica reactivity, and ability to be detected. It
gives details about cdibrating gas analyzers and how to conduct anayses to determine
the propagation of errorsfor the tracer gastests. This paper relatesto Sections 4.1, 4.3,
4.4 and 4.7. It islisted only once in the reference section under section 4.0.

Tracer gas theory assumes that the tracer gas concentration is congtant throughout the
measured zone. Therefore, complete mixing of the air within the testing zone is very
important. Mixing fans have been used by some researchers to improve the uniformity of



tracer gas concentrations. Multiple sampling points can aso be used to verify that the
concentration is constant across the zone. The expected error of tracer gasresultsisin the
range of 5-10%.

4.1 Tracer Decay

The tracer decay test involves seeding the zone with tracer gas and mixing the zone so
that there is a uniform concentration of tracer gas within the zone, and (idedlly) no tracer
gas outside the zone. Tracer gasis not added to the zone after the start of thetest. The
flow across the boundary is determined by looking at the initid and find concentrations,
and the time period between the initid and final concentration measurements. This test
method is appropriate for medium to low air exchange rates (lessthan 6 air changes per
hour) because if the air exchange rate is too high then the tracer concentrations have to be
measured very quickly before dl the tracer gas has | eft the zone. The optima measuring
time period isthe inverse of the volumetric air changerate. If the air change rateis 6 air
changes per hour, the idedl measuring time is 10 minutes. (Heidt and Werner, #2536,
1986.)

It isimportant to note that the decay technique cannot be used for continuous
measurements of varying ventilation rates. The decay test provides an average ventilation
rate over the time period of the test because the concentrations are only measured at the
beginning and end of the test. Severa decay tests can be performed in seriesto seeif the
ventilation rate changes, but the resolution cannot be better than the time period. Errors
related to flow rate oscillations can generdly be neglected compared to other errors
(mixing errors are estimated at 12-18%), as long as the measuring timeis at least one
third the oscillation time period. If, however, temporaly unsteady ventilation isto be
investigated, then ether the constant injection or constant concentration technique must
be used.

Tamuraand Evans (#1272, 1983) show that evacuated glass tubes can be used in decay
tests to sample Sk tracer gas so that expengve gas andys's equipment does not need to
be moved to each testing location. They note that other researchers have used methods
such as flexible plagtic bottles which arefilled by squeezing multiple times or plagtic
sample bags which arefilled with a pump to collect gas samples. The ability to collect
samples and bring them back to the lab for analyss sgnificantly facilitates these tracer
gastests.

4.2 Pulse Injection

Stymne and Boman (#11930,1998) discuss the pulse injection technique, which has the
advantage over the other techniquesin that it can be used to make an instantaneous
measurement. The technique involves injecting avolume-weighted pulse of tracer gas
into the supply ar for the zone, and then making a measurement a a point some distance
away from the injection point. The local mean age of ar is caculated by dividing the first
moment of the concentration (the integra of the concentration multiplied by the time) by
the zeroth moment (the integra of the concentration.) This techniqueis dso useful for
making measurements in a multiple zone system.



4.3 Constant Injection

Heidt and Werner (#2536, 1986) describe a measurement system for decay and constant-
injection tracer gastests. They tak in detail about the measurement apparatus, which has
been designed for ease of use (e.g., automated error analyses for each measurement are
carried out usng acomputer). The authors show that the decay method is more
appropriate for measuring air exchanges of relatively tight spaces. Congtant injection is
more appropriate for leaky spaces where the gas would be quickly ventilated from the
gpace and the measuring time would have to be very short with the decay method.

Neither one of these procedures is appropriate when the ventilation rate is unsteady. This
requires the constant concentration technique.

4.4 Constant Concentration

The congtant concentration technique uses a feedback control loop to regulate the flow of
tracer gas to the zone in order to maintain a constant concentration of tracer gasin the
gpace. The tracer gas flow into the zone is directly related to the ventilation rate of the
room at agiven time. Varying ventilation rates can be measured with this method. The
disadvantage of the constant concentration method is that the equipment is more
complicated and more expensgve than the equipment required for the other tracer gas test
methods.

Kvisgaard and Collet (#3572, 1989) give a detailed description of the tracer gas
measurement equipment used for the congtant concentration tracer gastest. Although this
equipment was developed in the early 1980s, it is dill in use today. The authors aso
describe equipment measurement errors. In particular, they list dl error sources, with the
corresponding vaue of the error, and provide some examples where the total error is
computed for various Stuations. They conclude that the existing equipment is sufficiently
accurate for making tracer gas measurements, because the uncertainties associated with
the equipment (30 per mil or 3 % on the measured vaue) are on the order of those
associated with insufficient mixing of tracer gas (20 per mil) and the purity of cdibration
gases (10 per mil). They dtate that tracer gas measuring methods, when used with the
congtant concentration tracer gas method, are normally better than 5%.

Axley (#5301, 1991) explainsthat differentiad mass baance equations were used
origindly for the decay, constant injection and constant concentration techniques, but that
these eguations were matheméticaly ill-conditioned in the sense that they required very
accurate measurements of the tracer gas concentration, and were sengitive to error such as
incomplete air mixing and unsteady flow. Integra formulations of the equations have

been used successfully to improve the tracer decay and congtant injection techniques,
integrated measurements are much easier to make. The integral formulation of the mass
balance equations has not yet been applied to the constant concentration technique
because this technique does not have the same sengtivity to measurement accuracy asthe
other techniques. This paper outlines the integra formulation of the constant

concentration equations as an dternative to the current methodol ogy. Interestingly, when
the zone concentration is well controlled, the integral of the concentration becomes
negligibly small, and the integral formulation of the mass balance eguations becomes the
same as the conventiona mass baance equations. This begs the question, how much



variation is acceptable? Axley compared two tolerance limits: 1% and 2% variation
between the integra of the zone concentration and the integra of the target concentration
The new method was applied to eight sets of existing data where the actua flow was
known, and various control agorithms were investigated to seeif they would yield
accurate results when the ventilation flow experienced a sudden step change. The new
mass bal ance equations were gpplied, and were found to yield more accurate results than
the previous equations. This was partly due to the correction factor, and partly dueto the
tolerance criteria, which screened the data for time periods where the zone concentration
was not able to be accurately controlled, and therefore predicting that it was not possible
to produce accurate results during that time period.

4.5 Passive Sampling Techniques

Tracer gas concentrations are often andyzed using infrared spectroscopy equipment,
which is expensive and cumbersome to trangport to the test Site. Tracer decay and
constant injection tracer gas tests can benefit from passive capillary adsorption tube
samplers (CATS), which absorb gas at the testing Site, and then can be andyzed ina
laboratory. According to Leaderer et a. (#2278, 1985), these samplers use about 50 mg
of Ambersorb as the collection media. The tracer gas adheres to the surface of the media
during sampling, and then the tubes can be brought to alab where the gas is de-sorbed
and channded through a gas chromatograph to determine the concentration during
sampling. These passve sampling tubes are generally paired with perfluorocarbon tracer
(PFT) release tubes. PFT tubes contain a substance, which emits one of four
perfluorocarbon gasses a a constant rate. The emission rate can be maintained for 2-7
years, dthough it does vary with temperature.

Vercammen et d. (#2825, 1987) examine the effect of high air velocity (0.8 to 6.4 m/s)
and orientation at congtant temperature on PFT sampling. They found that these air
velocities do in fact cause measurement errors, over 100% relative error for air velocity
of 6.38 m/s and a sampling tube oriented at 90 degreesto the flow. However, the errors
can be minimized by using enclosures (two Szes were investigated) around the sampling
tubes or orienting the tube at 180 degrees with respect to the bulk airflow velocity vector.
They state that more work needs to be done to optimize the size and shape of the
enclosures.

4.6 Comparison of Tracer Gases

Grimsrud et . (#200, 1980) compare the results of tracer gas decay tests using three
different tracersto seeif the choice of tracer gas affects the test result. They chose sulfur
hexaflouride (SFs), methane (CHz), and nitrous oxide (N20) astracer gases. They found
thet the infiltration rate determined using SFs results was dightly higher than the rates
determined using either of the other two gases, but the difference was within the expected
error of tracer gas results (5 to 10%).

The ASTM standard E741 (2000) aso describes the tracer gases that can be used

including hydrogen, helium, carbon monoxide, carbon dioxide, sulfur hexafluoride,
nitrous oxide, ethane, methane, and halocarbons (C-318, 13B1, 12 and 116). The standard
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gives their toxicology, chemica reactivity, and ability to be detected. It does not evaduate
the gasesin terms of how they perform in tracer gas testing.

4.7 Comparison of Tracer Gas Methods

Kumar et d. (#284, 1979) compare the constant concentration and decay methods at two
fixed congtant flow conditions driven by a pressurization fan. They find that the two

tracer gas methods produce results that agree within 1.5%, and when compared to
pressurization results the error isless than 5%.

Sandberg (#2367, 1986) compares the constant concentration method with the decay
method, both theoreticaly and experimentdly. His theoretical andyss seeks to determine
how flow rate oscillations affect measurement error. He finds that errors related to flow
rate oscillations can generdly be neglected compared to other errors (mixing errors are
estimated at 12-18%) as long as the measuring time is at least one third the oscillation
time period. In the experiment, he determined that the oscillations in flow rate were high
frequency and therefore did not significantly affect the accuracy. He found good
correlation between the constant concentration method and the decay method.

Bohac et d. (#2738, 1987) compare infiltration rates determined using using PFT
samplers (constant injection method) with rates determined using constant- concentration
tracer gas measurements. Tests were performed in one unoccupied house, and in one
occupied house. They found that PFT measurements under- predicted infiltration results
dgnificantly. The under-prediction ranged between 5% and 29% during cold wegther
when the infiltration fluctuated due to weether changes and there was little occupant
aring of the house. Smulations were performed to identify and estimate the sources of
thiserror. The variation in flow rate accounted for the winter time error, however
occupant airing accounted for the largest discrepancies. It was found that springtime
occupant airing led to under-predictions of 32 to 78%.

Sutcliffe and Waters (#4866, 1990) compare the decay, step up, and pulse techniques, as
used to determine local and room mean air age. They used red and generated data to
evauate the errors associated with each technique. The generated data assumed that the
ar was fully mixed, and used arandom error generator to add error within a standard
deviation st a 1%, 2%, 5% and 10 %. They determined that the decay technique was
margindly better than the pulse and step up techniques for determining local room air

age. The decay test was found to be much easier to perform from apractica standpoint.

5.0 Tracer Gas Air Exchange Measurements for Multi-
zone Systems

The congtant concentration method can be used to study outdoor infiltration into multiple
zones by injecting enough tracer gas in each zone to keep the concentration congtant. If
the inter-zona flows are needed then it is necessary to use more than one tracer ges.
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5.1 Single-Gas Techniques

Harrje et d. (#1862, 1985) discuss the decay, and constant concentration tracer gas
methods for use in multi-zone buildings. They briefly mention the PFT congtant injection
technique, and its applicability to multi- gas multi-zone measurements. Single gas decay
and congtant concentration tests can be used to determine inter-zond flow. The authors
state that two zones are the maximum number of zones that can be studied by the decay
method, but multiple zones can be studied by the constant concentration method. They
describe gas detector cdibration details which are ill relevant today.

Roulet and Scartezzini (#2882, 1987) discuss the measurement of outside air infiltration
into various zones using a congtant- concentration tracer gas technique. This method does
not dlow determination of inter-zona flows. They have avery detailed description of the
equipment and methods that they use for these measurements. They do not estimate
errors or vaidate their method by comparison to any other method. They say that more
detailed data are needed in order to compare thelr measurements to a theoretica mode
such asthe LBL Infiltration Modd developed by Sherman and Modera

Bohac and Harrje (#2745, 1987) describe amethod for estimating inter-zond airflows
using only one tracer gas. Thistechnique isamodified verson of a congtant-
concentration technique where the concentration in a sngle zone is varied. The resulting
change in concentration gives information about how that room is connected with the
other rooms, which are maintained at constant concentration. These measurements were
compared to multiple tracer gas PFT measurements, and it was found that the infiltration
flows and the downgtairs to upstairs flow had good agreement (within 30%), but the
exfiltration flows and the upgtairs to downgtairs flow disagreed by more than 50%. The
discrepancy may be due to the fact that the injection technique measured flows for
discrete two hour periods whereas the PFT technique measured the average over the
entire period of testing. Further testing is needed to determine if the difference in these
two methods are redl.

Stymne et d. (#13079, 2000) compare five different techniques for usng a single tracer
gas to determine the mean age of air for steady flow conditions. decay, step-up, constant
injection, inlet pulse (injected into the supply air) and homogeneous pul s(injected
directly into the zones). They find that the homogeneous pul se technique produces results
that agree very well with the established tracer decay technique, and it is much easier to
perform because the evaluation of mean age of air uses atotal time integration, alowing
the use of adsorption tubes for sampling.

5.2 Active Multigas Techniques

Active tracer gas techniques are those, such as constant concentration, which require a
control feedback loop in order to run the test. The tracer concentration in azoneis
monitored, and then the appropriate amount of tracer is added to the zone in order to keep
the concentration constant. The equipment set up becomes more complicated as more
zones areincluded in the analysis.



Kvisgaard and Collet (#3123, 1988) describe genera constant concentration methods
using two tracer gasesto determine air exchange between rooms and from outdoors. They
discuss where the tracer gases should be seeded and collected, and what information can
be gained from the various configurations. They do not discuss details of theory or
measurement equipment.

Compagnon et a. (#3132, 1988) discuss their work on anew control strategy for
maintaining constant tracer gas concentration. Their method is based on a Pl control
method with some improvements. They account for the limitations of the tracer gas
injection system and anticipate the next control loop step in order to minimize the over
and under shooting that happens when a change in concentration is caled for. The control
agorithm was only tested for the single zone case. It was found that this control

agorithm works well for the single zone case, and could be extended to amultivariable
control agorithm for use in multiple zones.

5.3 Passive Multigas Techniques

Pereraet d. (#1258, 1983) describe their experimental procedure for measuring inter-
zond arflowsin an office building in detail. They used three zones, and seeded each
with a different tracer gas. After mixing, they measured the gases, and used anumerica
gradient method to solve for the inter-zond flows. They compared predicted
concentrations with those measured and found good agreement. They suggest further
vaidation of the technique in atest chamber where flows are known.

Irwin and Edwards (#3576, 1989) compare three cal culation methods for multi-zone
decay tedts. They andyze a particular st of datausing anumerical concentration gradient
method, anumericd integration technique, and an andyticd solution. They find that the
two numerica methods have problems when the data have fluctuations due to wind
effects.

6.0 Air Distribution System Measurements

6.1 Duct Leakage Flows

Francisco (#13604, 2000) compares five test methods. the duct pressurization test, the
house pressure test, supply blocked house pressure test, the hybrid test (duct
pressurization and house pressure tests), and the nulling pressure test. He compared
results from al the other tests to duct leskage that was determined by measuring the
flows out of dl the registers using a propdler flow hood and subtracting this from the
measured HVAC fan flow. | will cdl it the register flow method. Fan flow is measured
by drawing dl of the return flow through a duct blagter.

Some of these tests measure duct leskage flows directly while the air handler fanis
operating normally. Other tests, such as the pressurization test, measure the leakage a a
fixed pressure induced by an externd fan, then the operating pressure is estimated, and
the leakage flow is corrected to the actual operating conditions. There isinherent error in
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estimating the operating pressure of the system since the operating pressure is not
constant throughout the system.

He found that the house pressure test and the hybrid test measured higher leakage than
the regigter flow method whereas the pressurization test and supply blocked pressure test
measured lower leskage. The nulling pressure test agreed with the register flow method.
There was quite a bit of scatter in the data - especialy for the house pressure tests. The
house pressurization test had the least scatter. All the methods, on average, produced
results within 5% of the register flow method. However, only two tests, house
pressurization and nulling pressure test, had standard deviation of about 5% of air handler
flow. The other tests had standard deviation of 9%-11%.

Walker et a. (2001) describe the Delta Q test in detail. Thisis anewly developed tes,
which determines duct leakage flows by measuring the difference in flow through the
house envel ope when the house is maintained at a constant envel ope pressure differentia
and the HVAC fan isturned off and on. The flows are measured & a number of different
envelope pressure differentids, and then used to calculate duct leskage in the supply and
return duct systems during operating conditions. Two mgor advantages of thistest are
that: 1) it determines the leakage a operating conditions wheress tests such as duct
pressurization determine the leekage at a given pressure difference which may be quite
different from the actua pressure difference which varies throughout the system, and 2) it
does not require the sometimes difficult task of covering registers. In this paper, Waker
et d. describe how to do the test; results from severd field evauations, including a
repestability study; and provide an uncertainty anadysis.

Andrews (2000) aso provides an uncertainty analysis of the Delta Q test. He provides a
parametric andyss, usng a Monte Carlo technique to examine the error. He dso
performed field tests to evaluate the theoretical analyss. He found that the Ddlta Q test
results were not strongly affected by the inputs for the pressure of the lesksin the supply
and return plenum. He concluded that the Delta Q test is able to give useful results even
with an uncertainty of 3% for blower door measurements. He finds that the Delta Q test is
limited when the envelope leekage is large, or when the duct leskege islow.

6.2 Airflow through Ducts and Duct Networks

Tracer gas methods have severd advantages over pitot tube, vane anemometer, and hot
wire anemometer measurements for flow in duct networks. Tracer gas does not require a
long duct to develop laminar flow and does not require determination of the cross
sectiond areaor knowledge of the flow profile across the duct. It isimportant to have
good tracer gas mixing in the duct, therefore the injection site should be carefully chosen.
The sampling site must be sufficiently downstream and carefully placed in the air sream
to ensure that the sample is representative of the total concentration. Sometimesthis
requires long duct runs or mechanical mixing such as fans placed insde the duct.

Riffat and Holmes (#4835, 1990) compare three types of tracer gas measurements of

flows in ducts (congtant injection, pulse injection, and concentration decay) to pitot tube
flow measurements. (Note that the accuracy of a pitot-tube traverse strongly depends on
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duct geometry and its effects on flow patterns at the traverse plane. A more accurate
method such as an orifice would have been a better benchmark.) They find that the
congtant-injection technique correlates most closdly, and they postulate that the other
tracer gas techniques could be improved by more frequent sampling and better mixing of
the tracer gas.

Sateri (#5266, 1991) describes his procedure for making PFT measurementsin ducts. He
places the sources in various orientations and measures the uptake (the amount of tracer
gas absorbed by the tube) of each orientation over arange of flow speeds. He finds that
the uptake does not vary significantly with source orientation, but that it does vary with
flow velocity. There was a 10% to 16% increase in uptake for each 1 m/sincreasein
velocity. He therefore recommends that PFT measurements aways include a velocity
correction when used in ducts, and that more measurements are needed to determine this
correction. He concludes that active (pumped) techniques would work better in ducts than
passive techniques because it would diminate the effects due to velocity and turbulence.

Cheong and Riffat (#6005, 1992) use tracer gas measurements to determine the k-factors
(the multiplier which quantifies the change in velocity pressure across a particular duct
fitting) for various duct fittings and severd filters. These vaues were compared to k-
factorsin CIBSE and ASHRAE data as well asto k-factors calculated from pitot tube
measurements by the authors. They found that the k-factors estimated from tracer gas
measurements were Smilar to those given in the CIBSE guide, and these were lower than
those estimated from pitot tube measurements.

Cheong and Riffat (#7051, 1993) describe in detall their tracer gas sampling system for
measuring arflow in ducts. They use an active system as suggested by Sateri (#5266,
1991). Their results were very good (5% to 10% difference), agreeing with measurements
from a dtatic pitot tube traverse, however earlier papersindicate that this may not be the
best benchmark.

6.3 Airflow through Air Terminal Devices

Walker et d. (2001) tested four different flow hoods in alaboratory and 13 flow hoodsin
afidd sudy to determineif the flow hoods measure flows accurately for residentia
applications. In the laboratory, they compared the flows measured by the hoods to the
flow measured by aflow nozzle with an accuracy of +0.5%. Laboratory tests of several
resdentia flow hoods showed that many of the hoods can be inadequate to measure
flowsin resdentia systems. Potentia errors are about 20% to 30% of measured flow,
due to poor calibrations, senstivity to grille flow non-uniformities, and flow changes

from added flow resistance of the hood. A new type of hood was tested called an active
flow hood, which conssts of a conventiona flow capture hood attached to aduct and a
fan. The fan is adjusted until there is no pressure difference between the insde and
outside of the hood indicating that the fan has compensated for the increased flow
resstance of the hood. Active flow hoods are insengtive to grille airflow patterns, have
an order of magnitude less error, and are more reliable and consstent, in most cases, than
conventiona flow hoods. In the field study, the hoods were compared to the active flow
hood since this hood had the best accuracy in the laboratory tests. The field evaduation
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showed that it is possible to obtain reasonable results using some flow hoodsiif the field
tests are carefully done, the grilles are gppropriate size, and grille location does not
restrict flow hood placement.

6.4 Airflow through Fans, Heat Exchangers, and Fresh Air Inlets

Sauer and Howell (#4799, 1990) describe a procedure for measuring the volume flow rate
of ar through a hesting or cooling coil usng a vane anemometer. They show that this
procedure, which can be used for flows between 100 and 1100 ft/min (0.508 to 5.588
m/s), has an accuracy of £7%, when measured results are compared to the predicted
results. Thisisin the same accuracy range as pitot tube traverses (5% to 10%). If

accuracy is not required, the authors describe a smplified procedure (#4070, 1990) where
they omit the dengty correction and correlate the k-factor only to face velocity. This
procedure has an accuracy better than +20%. A smilar procedure is often applied to flow
measurements across regiser grills, however, it is difficult to dign the anemometer with

the direction of flow out of the grill.

Pamiter and Francisco (2000) discuss a new technology for measuring airflow through a
resdentid air handler system. The system consists of removing the HVAC filter and
inddling in its place a perforated plagtic plate, where the flow through the plate can be
determined by measuring the pressure difference between the velocity pressure and the
datic pressure at the plate. Thistechnology has been commercidized by The Energy
Consarvatory. Fied tests have been performed where the flow plate method is compared
to the temperature rise method, which isthe industry standard at thistime, dthough not
very accurate, and the Duct Blaster method, which is better than the temperature split
method but can Hill be inaccurate in certain flow geometries. These tests showed that the
flow plate method has a sandard deviation of 7% from the Duct Blaster method and a
29% standard deviation for the temperature rise method. Both the flow plate method and
the temperature rise method take about 15 minutes to perform, which is much lesstime
that the Duct Blaster method which takes 30 minutesto 1 hour to perform.
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is estimated to amount to 48% of
ddivered space conditioning energy
(indluding heating equipment 10sses).
Stated in terms of delivered space
heeting energy done (i.e,, excluding
gpace cooling), this rises to 53%. If the
outdoor air supply rate per occupant
were to be universaly reduced to a
minimum leve, taking into account
metabolic needs and pollutant loads,
then it is conce